suggesting the absence of opsonic activity. More than 50% of hemocytes bound the translucent, avirulent morphotype, whereas 10 to 20%o were associated with the opaque, virulent form, a result indicating that the degree of encapsulation was related to resistance to phagocytosis, as previously described for mammalian phagocytes. Understanding these cellular interactions may, in part, explain the persistence of V. vulnificus in oyster tissues and the ecology of V. vulnificus in estuarine environments.
It is well documented that raw-shellfish consumption increases the risk of human vibrio diseases (5, 16, 19) .
Among the Vibrio spp., Vibno vulnificus is unusual in that it causes fulminant and severe systemic human illness after the ingestion of raw oysters (4, 29) . Consequently, its occurrence in aquatic environments is a significant concern of shellfish industries and public health agencies. In an effort to reduce health risks, commercial methods of controlled purification (e.g., depuration) have been used in an attempt to eliminate V. vulnificus from oyster meats but have been unsuccessful (17, 18, 25) .
The seasonal occurrence of V. vulnificus in marine environments is favored by high temperature and low to moderate salinities (20, 27) . Further investigations have explored its ecology in oyster tissues and described seasonally changing levels in hemolymph, mantle, gills, adductor muscle, and digestive tissues (6) . Tamplin and Capers (25) have reported the persistence of V. vulnificus in specific tissues of oysters exposed to UV-disinfected seawater and shown that V. vulnificus replicates in tissues and is released at numbers of over 100,000 cells per oyster per hour at 23°C.
Detailed explanations of the persistence of V. vulnificus in shellfish tissues are lacking. Its resistance to oyster defense mechanisms, such as phagocytic hemocytes, may partially explain its retention in oyster tissues. Hemocytes move throughout the oyster, functioning in host defense, nutrition, digestion, and excretion (11) . In previous studies, research on hemocyte phagocytic activities focused on interactions with allochthonous particles, including mammalian erythrocytes, polystyrene beads, and human enteric bacteria (1, 14) . Some investigations have examined interactions with protozoan parasites of adult oysters (Perkinsus marinus and Haplosporidium nelsoni) (3, (7) (8) (9) .
The objective of this study was to define the effect of various environmental parameters on the association of V. vulnificus and oyster hemocytes. In addition, we tested V. vulnificus colony morphotypes previously shown to be related to virulence to determine whether they showed differential reactions with hemocytes. Understanding these relationships with oyster defenses may aid in explaining the persistence of V. vulnificus in oyster tissues under environmental and postharvest purification treatment conditions. (33) . Tryptic soy broth cultures were centrifuged at 3,000 x g for 5 min and washed twice with 15-ppt-salinity sterile ASW (15) .
MATERIALS AND METHODS
Collecting hemolymph. The edge of the oyster shell adjacent to the adductor muscle was notched with a grinder saw blade, avoiding contact with mantle tissue (23) . With a 21-gauge needle, oyster hemolymph was withdrawn from the adductor muscle sinus into a sterile 5-ml syringe.
Hemocyte-V. vulnificus binding assay. The binding assay methods used were modifications of those of Fisher (12) and Robohn (23) . Before each assay, the number of hemocytes per ml of hemolymph was determined to obtain specific experimental bacterium/hemocyte ratios. For washed, concentrations were adjusted with 15-ppt-salinity ASW, and the organisms were then incubated with hemocytes (2:1 V. vulnificus/hemocyte ratio) for 30 min at 25°C.
RESULTS
The percentage of hemocytes associated with V. vulnificus increased with time and with the V. vulnificus/hemocyte ratio (Fig. 1) ; the association ranged from zero to more than four V. vulnificus cells per hemocyte (Fig. 2) . Figure 1 represents variations in the ratio over time. An increase in the V. vulnificus/hemocyte ratio was related to a progressive increase in the percentage of hemocytes associated with two and more than four bacterial cells (Fig. 2 ).
An increased hemolymph concentration did not enhance the binding of V. vulnificus to hemocytes (Fig. 3 ) after 15 and 45 min (P > 0.05). After 15 min of incubation, the percentage of hemocytes with associated V. vulnificus decreased with increasing hemolymph concentration, especially at .25% hemolymph. Specifically, 28% of hemocytes bound V. vulnificus in 0% hemolymph, compared with 9% of hemocytes in 100% hemolymph. After a 45-min challenge, an increased hemolymph concentration had no observable effect on V.
vulnificus-hemocyte associations (Fig. 3); i.e., 46% of hemocytes were associated with V. vulnificus in 0% hemolymph, compared with 39% in 100% hemolymph.
In a separate experiment to determine the effect of preincubation with hemolymph on binding and as a control for possible hemolymph viscosity affecting bacterial contact with hemocytes in the preceding experiment, V. vulnificus was preincubated with hemolymph or ASW for 0, 15, 30, or 60 min before exposure to hemocytes (Fig. 4) . The results showed that preincubation with hemolymph did not markedly enhance the percentage of V. vulnificus-associated hemocytes at each time point (P > 0.05).
Increasing the temperature from 4 to 37°C correspondingly increased the number of V. vulnificus cells associated with hemocytes (P < 0.05) (Fig. 5) . Specifically, following 30 min of incubation at 37°C, 49% of hemocytes bound V. vulnificus 4965 and 58% bound V. vulnificus C7184. In contrast, only 18 to 24% of hemocytes incubated at 4°C for 30 min bound either strain. In another study (data not shown), oyster hemocytes were incubated at 44°C. At this extreme temperature, associations could not be evaluated because hemocytes were disintegrated and damaged.
A larger percentage of hemocytes was associated with the translucent morphotype of V. vulnificus (Fig. 6 ) than with the opaque morphotype at both 25 
DISCUSSION
Oyster hemocytes function in defense, nutrition, digestion, excretion, and repair of tissue and shell (11) . The phagocytic process, first described by Bang in 1961, has been divided into four stages: attraction (chemotaxis), adherence (binding), endocytosis (ingestion), and intracellular digestion (destruction) of particles recognized as non-self (3, 10) . Phagocytic hemocytes recognize a variety of particles, including bacteria, as non-self and have been shown in in vitro studies to phagocytize bacteria such as Escherichia coli, Staphylococcus aureus, and Bacillus species (10, 32 (14, 26) . However, we observed that preincubation of V. vulnificus with hemolymph or an increased hemolymph concentration did not enhance V. vulnificus-hemocyte associations. High concentrations of hemolymph (e.g., 100%) reduced V. vulnificushemocyte associations, and preincubation with serum for up to 60 min showed no enhancing effect.
The outer polysaccharide capsule material has been shown to contribute to the antiphagocytic properties of V. vulnificus in mammalian models (28, 33 
